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ABSTRACT

Military aviation night vision systems enbance
the aviator’s capabulity to operate effectively during
periods of low illumination, adverse weather, and
in the presence of obscurarts. Current ficlded
systcms allow aviators to conduct terrain flight
during conditions which would be extremely
dangerous, if not impossible, using only unaided
vision. In night vision systems, trade-offs are made
that enhance some visual parameters and com-
promise others. Examples of visual parameters
which are traded off includc acuity, ficld-of-view,
spectral sensitivity, and depth perception. Cost,
weight, and size constraints also lead to compromi-
scs between an idcal and & viable system design.
Thermal imaging sensors introduce enbanced night
vision capabibties along with ncw problems as-
sociated with the interpretation of visual informa-
tion based oo spectral and spatial characteristics
differirg from those provided by unaided wvivios,
Ia addiion, the mounting of theswe visual displays
onto the sviator's helmet provokes concern regasd-
ing faticue and crach safety, due 1o incressed head-
supportcd weight and shifts in center-of-gravity,
Human lactors and saflcty wsues rclated o the use
of thermal night vision systems are kientificd and
discusacd. The sccumulated accident cxpercace
wth US. Army AH .64 hehcopters equipped with
the thermal Pilot’s Night Vision System and the
intcgrated Helmet and Display Sighting Sysem s
brictly reviewed,

L INTRODUCTION

Army aviation has used night vision systems
since 1971. These systcms cnhance the avistor’s
capability to operate effectively during periods of
low illumination, supporting the Army’s doctrine of
carTying out missions in darkness and under adverse
weather orediticas.  [s the aviation eaviroamenst,
night imaging systems are mounted totally, or ia
part, o the avistor's belmet. The two basic sec-
tions of these systems are the scasor and the dis-
play, as shows in Figure 1. Curreatly, the two
major technolugies used for night vision seasors are
image inlcasification (1°) and thermal imaging (2.8,
forward looking infrared-FLIR).
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Figure 1. Simplificd block diagram for a Night
Visoa System.

Imags intensificrs amplify, or ustensify, reflected
or cmitted light 30 the eye can more readily see a
pooely illumiosied scene, They depend on the
preseace of some minmmum smount of light in order




to produce a usabic image. This is analogous to
using a microphoone, amplifier, and speaker to
allow the ear to more casily bear a fauint sound.

The US. Army has ficlded !wg
systems for aviation use based on lcchnology
One is known as the AN/P\SS Senes Night
Vision Goggles (NVG) and is based on second-
generation image intensifier tubes. The other,
which uses third-generation tubes, is xnpown as the
AN/AVS-6 Aviator's Night Vision Imaging System
(ANVIS) (Figure 2). The NVG and ANVIS
systezas amplify low level ambieat light reflected
from objects and preseat an image on a phosphor
sreen. - Both systems use two image intensifier
tubes to form a binocular device which is attached
1o the aviator's helmet. While both of these
systems currently arc in use, the second geoeration
NVGs are systematically being replaced in aviation
by the newer ANVIS.

Figure 2. The Aviator's Night Vinon Imaging
System (ANVIS).

The swecond type of mght imag'ng wasor, the
topic of this paper, uses thermal imagng.  Thus
type of sensor does not depend on ambent light,
but rsther on infrared (IR) radiat-on emitted by
objects 1 the wene. The thermal wasor can be
deagned to “wce’ 1adiaion i ('l!bct the Vo 8.
micron or 8 to 12 mxron (l() mcters) spectral
range. All obyects radiate measurable amounts of
esecrgy 1 these spectral ranges. The smount of
tadisted energy w dependent on temperature and
type of matenial

L)

In the Army’s acwest production aircraft, the
AH-64 (Apechc) attack helicopter, thermal imaging
is used for Loth pdorage and targeting. The targes-
angmsﬂmukmnutthmAeqm
tioa and Dcsignation System (TADS) and the
pilotage seasor system is knows as the Pilot Night
Vision System (PNVS). The PNVS provides im-
agery to a helmet-mounted display (HMD) called
the Integrated Helmet and Display Sighting System
(IHADSS) {Figure 3). Bath the TADS and the
PNVS use thermal imaging sensors, mounted on
the nose of the aircraft, operating in the 8-12
micron spectral range (Figure 4).

Figure 3. The Integrated Helmet and Display
Sighting System (IHADSS)

Figure 4. The ponitions of the PNVS and TADS
sensoes on the A .64,
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imaging system (ic., 1 ¢ or thermal), some of the
“natural fidelity” of the external scene is lost in the
imaging process. The specific characteristics of
cach sensor and display system determime the
nature of the presenied image, and consequently
can affect user performance. Compared to ua-
inded night visiom, the haage presented to the
aviator by mcdern night imaging systems is bright
and containg coasiderable visual informatioa.
However, the aviator flics with far fewer visual
cucs than arc availsblc in daylight--a handicap
which may not be obvious to the aviator. Coupled
with the more appareat imitatioas to ficld-of-view
and color visios (among others), successful fhight
using night imaging systems is 8 remarkable feat.

Several papers have discussed performance

and safety i rdaing{og’ghiaqiqsyum
based on | L%+ 7 This paper addres-
scs the major characteristics of thermal imaging

technology and the performance of the curreatly
ficlded PNVS/THADSS systems used in the pilota-
ge of the AH-G4 attack helicopter. Paramount in
this discussicn is the possible influeace of these
charactcristics on user performance aad safety.

2 THEQRY OF
JHERMAL IMAGING SYSTEMS

Might vision systcms bated ou thermal imag-
ing technology operate by detecting infrared
emission of ohyects im the scene. No umiverssl
definition exists for “infrared encrgy.” For imaging,
it s generally asccepted as therm emitted
radiation in the 1 to 20 mirom (10° meters)
region of the clectromagnetic spectrum (Figure 5).
Currently, most thermal imaging is performed in
. the 3-5 or 8-12 microm regions.  These regions are
somewhat dictated by the IR transmutance win-
dows of the atmospbere (sce Section 10).
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Figure 3. The clectromagnctic spectrum,

Thermal inaging theory is besed on the fact
every object emits radistios. This redisted eaergy
W 2 direct result of the vibeation of the molecules
making up (he object, An ohyuct's Icmportuce o
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external eaergy source (the sur) is a0 loager avail-
able, the boulder's net energy transfer will be
negative and the its temperature vill decreasc.
However, at any givea time, the boulder and the
stmasphere can be represented by iemperature
values T, and T, respectively. These values
gencnlly are different and will change as a func-
tion of time.

The simplke scenario discussed above can be
expanded by recognizing the compiex nature of
real objects. If a more realistic object, such as a
tank, is investigated, then several other factors
must be considered. A tank has geomctric fea-
tures and is manufactured from several differeat
materials. These materials have different reflec-
tance and absorptance characteristics. This will
result in differeat parts of the tank being at dif-
ferent temperatures. The tank’s geometric fea-
tures, such as sides, froat and back, and top, can
result in nonuniform solar beating. The tank aiso
has a major internal source of thermal energy, s
engine. Owr umplified pcture of an object o a
single uniform lemperature must be replaced by
onc in which the object coasists of a multitude of
tempersture values, resulting in many different
levels of encrgy emission.
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Single  Row Matrix

Figure 7. Single, row, or matnx of detcctorns.

Thermal unagng wwauws (orm (hew image of
the rxternal worid by collecting cocrgy from
mdmvdusl wgments of the weme. Tha may bhe
sccom plunbed by uung 8 ungie detector (o0 row of
detectons) which sans over the wene, building sty
ahage onc part sl 3 ime  An sMcrnate techmique

is to usc a matrix of detectors with each one collect-
ing encrgy from a &ifsrent part of the scene (Figure
7). The size of each detector’s collection angle
defines the smallest area of the scene which can be
imaged, ic, the resolution of the seasor. The
output of cach detector is related to the amount of
cocrgy cmitted from a small part of the sceae. The
overall result is a two-dimensional energy emission
peofile of the sene. To be able to discriminate
between two segments of the scene, or between two
objects, the two objects must be at two different
cmission levels aad the scasor must be able to
discriminate betweea the two levels.

The PNVS uses a “common module” design
which uses a parallel scan of 130 detectors srranged
in a single vertical row. An opto-mechanical system
is used to a scam the outside wene across the
detector array. As implied by the name, the com-
moa module FLIR design divides the seasor pack-
age into scparately functional assemblies. This
paraliel scan modular imaging approach provides
the advantages of higher seasitivity, simpler scan
mochanism, aad higher reliabuity, whea compared
to alteraate systems.

4 SENSOR PARAMETERS

As depicted m Figure 1, imaging systems can
be simplified wnta two hasic sections: the seasoe and
the display. Thas sectiom discusses the role of the
sensor i the operatiom and performance of the
sysicm. The role of the display is discussed n
Section 4, "Dusplay Parameters.®

There are several seasor design parameters and
user adjustable seasor controls that affect the
performance of thermal imaging systems.  The
des:gn parvameters mclude sonsaivity, ugnal-to-aoise
ratin, componeat ime coastants, spectral respoase,
and resolutios. User adjudable sensor coatrols
ciude gan and biss kevel. However, many of these
parameters are mie.relsted. In complicsted umag-
ing systeans such as the common module PNVS, o
¢ difficult to describe madrvadual control operation
and cffects. What & mowe important 11 an overvew
of how the semsar tmpacts the qualiky of the "
cture” of the outside workd presested to the aviator.

For s sensor ta he shic to image & wene of the
owtude world, 1 must be able to respoad to the
encrgy being emdated by abwects in the scene. The
spectral respome of the semsor, ar that past of the
coergy spectrem over which @ cas collect eseryy,
can he defined m tie ratio of the scasor's owlput
ugnal to the smount of collected encrgy, s a



mercury-cadmium-telluride (HgCdTe). The
response for a specific HgCdTe detector varies
with the chemical formulation, the mechanism of
energy conversion (photoconductive or photovol-
taic), and the system's operating temperature. A
typical spectral response for the AH-64 PNVS
system detector is shown in Figure 8.
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Figure 8. Spectral responae of typical HgCdTe
detector.

A sensor’s ability to *see” (nr resolve) detais
often is prescnted as the domusant parameter in
determiming the quality of the “picture’ oltained.
The smaliest segment of the scene which cas be
unaged s & measure of the spatial resoluoon of
the semor. This may be defincd by the sobd angle
over which the detector cam collect caergy. For 3
ungje detector, waually this s expresscd a8 the
subtended angic representing the detectne’s instan-
taseous Neld of . view (IFOV). However, in the
more comples common module PNVS, the spatial
resolution obvened w determined by the inter-
relatiomship of the ungle detector POV, the
sumber of detectors and thew grometry, the scan
mcthod, and the scheme for daptal sampling of the
detector's enslog outpet. Al s scan-type ther:
mal imaging sysema, the vertxal resolution and
the horuzontal resolutions we different,

Finer features of o wene can be detected if
they are of sifficiemt we snd there w sdequate

contrast betwees the feature and its bsckground.
The threshold contrast depeads os size. Heace,
resolution, by itseif, does mot guarantee preservation
of detail. Coatramt (ransler is anothcr imporiant
paramcter. Figure 9a shows a scenc coolaining a
horizoatal row of trees. Assume these trees are of
the same width and are separated by a distance
which is equal to their width. Also assume that
each tree i identical in its emitted encrgy and is
vicwedbytbedmdo:auobjeaoftcmpcmmc

Let the backgrouad of the scene be at tempera-
ure - This leads to a simplified represeatatics of
the scene, as preseanted ia Figure 9b.

Figure 9. a) A visual and b) thermal represcntation
of a icene comsisting of a row of trecs.
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Fiqure 10. The miersection of the detector's
mstantancous fickd-of-vew ™ith the sceane
ot differest ranges.

To understand how resolutioa affects scene
imaging, albow the detector to be placed at different
tanges from the transformed scene (Figure 10). As
the rangz decreases, the smnunt of the scene from
which the detectar collects energy, ie., scene arca
withis the detector's IFOV, hecomes smalice, At
the grestest range, the detector & collecting energy
from o large part of the scene. At the closest range,
the detector is collecting encrgy from valy & portica
of one of the bars reproseating & ungle tree. At the
farthest rm the detector ia collecting energy irom
multipie bars (trees). Conmaider the detector’:




outpu! at these two extreme ranges as the detector
scams across the scene. As the detector scans at
the closest range, the detector’s output wall be at
s maomum value when its IFOV is filled fully
with a target bar (Figure 112}, a lesser value whea
the IFOV is filled partially by a target bar and a
background bar (Figure 11b), and its m:ounum
value when the IFOV i« filled fully with a back-
ground bar (Figure 11c).  The representatrve
cutput of the detector is shown 1a Figure 11d

Figure 11. Dctector scanning of a close range
wcne and its reprecentative output.

Two imiportast concepts are demoasirated w
Figure 11, Fud, the output ugnal undergoes a
mandulatuon (a change ia amplitude ) which general-
ty [oilows the increasang and decreasung tempeta-
tuzes (emitted energy) of the wene patiera. The
frequency of the bars in the wene and the man-
mum and mimmum values (which determune com-
trast) are retaincd 1 the outpud ugnat  Scoond,
the charp transiton 1 the Kene betwecn a target
arvd background har o deemphaszed e Jetee-
tor v output This deviatom from 2 onridctehy
fanhiul ieprrrentatwn of the wene coours s the
detret H OV umuitsnenusdy o adboctng energy
from bedty atarget am a bachground tar Duning
ey w tend the Setect o' s ut put valoe {208 vome
whorc hetween the values odtgned fiw target o
Fear by tound bars abkne

At the farrvesd rarmgs the THFOV s ontlesting
ey from a part 4 the wene cuatanng wversl
targrt and bachground bart dusing the rtise wan
thipute 172 <) At the defeclon wane, the output
tipmal (b ogare 10d) varwes linile m ampliude and
dies ek undergn 8 modulaton at the frequency i
the wene Mot the wene frequency e the
comtr o s aciurskely rependuced. the ivbivdual
lices may ot be dut.agunhatic on the Juplay

%
Z=
8
2
=

Figure 12. Detector scanning of a far range scene
and its representative output.

ia the explanation above, as the scene is placed
2t increasing ranges, the number of bars wihun the
IFOV (target spatial frequency) increases. As this
spatial frequeacy iscreascs, the modulation of the
scene, as reproduced ia the image, decreases. 1f the
modulatios of the image, as compared to the sctual
wcne modulation, s grapbed as a functiva of
increasing spalial frequency, a curve umiar (o
Figure 13 would be obtamed. Thus curve is known
as the ‘modulation trassfer function (MTF)" and 1
a fiqure-of ment for coeapanng detectors.
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Figure 11 Typwal moduiaton teansicr functwon
{MTF) curve.

Compicy real workd wenes are & composste of
vary'ng welal frequenccs and comstrasts, unike the
ungle (requeacy, logh comtrast weae ducused
the abowe crample. Thereiore, the image formed
by the detector sl st reproducse (aihiuily all
wene nformaiionn. The cvomtrant of the higher
spatial frequencws may be degraded particulerty,
canung nt o weoe detad. U nfortanately, the



detector is not the oaly <ystem compoocut which
has a MTF. Further Z:gradatioa of the scenc may
result from the MTF of the optics and the display.
These component MTFs are cascaded to peovide
an end-to-erd system MTF. A composneat MTF
value (ior a given spatial frequency) is always less
*han une and a system MTF valuc is always less
1an any of the component valucs.

Another figure-of-merit used to compare the
pcrformance of thermal sensors is “minimum
resolvable temperature (MRT).” MRT is a meas-
ure of sensitivity. Oftea, it is defined incorrectly as
the minimum temperature difference the seasor
can resolve.  Actually, it is not 8 mecasure of
temperature sensitivity, but of euergy seasitivity
{relating to the material apg its temperature). The
concept of MRT, while an important laboratory
parameter. has 0 practical significase to the
uscr, except for system comparison. In general,
the lower the MRT, the better th: semsor can
discriminate between objects i a cene.

Two adjustable sensor controls arc availabie
to the user. These are gaip and Mias jovel These
controls are intended ta allow the user to optimize
the sensor’s performance. Is operatioa, these
adjustments affect the IR detector output signal as
i is passed to following sensor stagrs.  Proper
settings of these controls, which are h:ghly depen-
dent on cavieonmental conddions, optimuze the
dynamic range (ratio of maximum (0 minimum
signal kvels) of the traasferred detector signal
Improper detector settings, for 3 pven scene and
cavironment, will result in Joss of scene detail and
a degraded image.

A thitd crmntrol over the PNVS sensor output,
but one which does not actually affect sensor
opcration, 1 the "FLIR polanty’ swtch. Ths
switch converts the polarity of the seasor's outpat
from “white hot® to "black hot® This refers to the
presentation of the imagery oa the display. 1 the
‘white hot® mode, obsccts emit'ing the greatest
amount of energy appear “whiter® (actually “greca-
er” {or the THATISS dispday phosphor) than objects
of less emisson. Converwcly, v the “black hot®
mode, objects emutting the greates oncrgy appear
blacker.® A noticcatde dilfcrence between these
two modes is the sppearane of the sky back-
ground.  In the ‘white hot* mode. the rhy will
appoar darker than the hwvon. Awvistors appeat
to mndiscriminately sontch between mades, selecting
the “heat” image, wilh 80 delinable criteria for
wlecting one mode over sacther. The abniky to
switch prdardy a pertscularly useful whea obyects

dark objects while the

. bright. AH-64 aviaiors frequeatly switch polarity in

order to optimize picture quality.
4. DISPLAY PARAMETERS
A video display comverts an clectrical repres-
entation of a scene gencratd by the seasor iato a
two-dimensinnal image that can be viewed by the

eye. The wideo display is typically a cathode-ray-

tube and the image is similar to that prodaced oa
& black-and-white televisioa. A modulated beam of
clectrons is scanned very rapidly over a phosphor
screen. The beam produces a tiny madulated dot of
light that generates the two-dimeasional, illuminated
virual image.

The quality of the imagery is determined by the
sceoc's characteristics, the scasor’s operating param-
cters, and the display's operating parameters. The
roie of the scasor's parameters was discussed in
Section 3. The characteristics of the sceae depead
on its spatial frequency content and caviroameatal
conditions (see Section 10). Display psrameters
which impaci the quality of CRT images inclade line
rate, screea phosphor, spot size and shape (electro-
nic focus), maximum luminance (brightaess), dyna-
mic range, grey scale, resolutioo, and display MTF.
For heimet mounted displays, user adjustabie
controls oftea include optical focus, brightacss, and
contryst. Many of these parameters are interre-
lated. Additional adjustmest controls for clectromuc
focusing, positioning, and sizing of the CRT image
are peesent, but typically are not designed foe
rou/ine adjuitment.

In the United States, 8 commercial televisioa

(TV) picture is gencraied from 525 horizoatal scan
hoes. Each TV pictute o frame s preseated every
1/7)3%h of 2 second. Ta mitimize visual fliker in
the display, every other bne (172 picture or ficld)
presented every 1/6d o & second. The aumber of
discrete horizontal scan hoes determines (he man-
mura vertical resolution of the display. [a a 3338 hine
scan system only shout 490 linea are active, ic,
present visual information o the viewer, A vertical
line from the tag to the hattom of the display would
comnt of #X3 vertical dots, one on cach scaa hine,
Regardioss of sze, every displey has 490 scan lines.
Comsequently, there n a¢ more isformatioa oa ¢
five-foot screea thas thees is un & five-inch screes.




Other common line rates used for special purpose
television systems are 875 and 1024.

The PNVS and TADS use the Department of
Defense "commoa module® thermal imaging
system aed operate at aa 875-line horizootal scan
rate o improve the apparent vertical resolution
with about 817 active lines (information lines). The
vertical rates are the same, 1/30 sccond per
vertical frame and 1/60 second per vertical field.
Some paramecters are traded off for the §75-line
system compared to the 525 line system. The
electron beam moves faster in a 875-line system
compared to a 525-line system, but the fastes beam
must have higher energy to produce the same
luminance.

The phosphor sclection for a display is critical
and must be optimized for its intended use. Each
phosphor cxhibits specific physical characteristics.
In gencral, cach phosphor emits a unique spectrum
of light when activated by an clectron beam. The
risc-time and persistence are critical parameters
that affect how loag it takes for the phosphor to
radiate light at 90 percent of maxmum luminance
after being exposed to the electron beam, and how
long it takes for the light to fall to 10 percent of its
maximum luminance whea the clectron beam is
removed, respectively. The phosphor's luminous
efficicncy speafies the ratio of lumiaous energy
output for a speaficd encrgy input.

The number of grey shades is the number of
visually distinct luminous steps from dlack to white
a display can reproduce. To be percen=d, onc
grey scale step must be ordinasily a wquare root of
two (1.414) imes brightcr than its predecessor.
Tha means the theoretical number of grey scale
deps a display can reproduce can be calkculated
pven the luminance values of the darikest and
brghtest arcas of the wnage. Better displays can
reproduce 3 larger grey scale; ten or more steps
arc dosirable for good image reproduction. D
plavs that are not very dark 1n the lcast brighted
arcas lvprally cannct reproduce an acceptable grey
wale  laght satter amde he CRT can reduce
sgnificantly the number of gey sale depe avail-
abic st lugh luminance bevels Fiber optic facepla-
tea sounchimes ate used to reduce hight scatter.
The larger the ey sale, the umonther the tranu-
tons from hght to dark arcas and the better
iverall puture comtrad.

The maximum operating luminance of a
display s enitical of the duplay 18 grong 1o be uwed
in high amcnt ight cavironme.ts The maumum

operating lumisance parameter by itsclf, bowever,
can be misleading Grey scale ana luminance are
interrelated parameters and must be specified at
the same operating condition. For example, if a
display is going to be used caly at night, thea the
number of grey scale steps should be specified at a
luminance ia the range of 4 to 40 footlamberts at
the eys. If the display is to be used in a daylight
environment, the aumber of grey scale steps should
be specified in the range of hundreds of footlam-
berts at the eye.

By definition, the imaging system consists of the
display and the seasor. The dispiay works together
with the seasor to present the image of the outside
scene. The dymaniic range prrameter exemplifies
this relationship. The dynamu range of the video
display s imiced compared to the dynamic range of
the thermal scasor. The sensor is capable of
sending about N grey scale steps (distinguishable
levels of brightoess) to the display. However, the
display ts capable of presenting only about 10 grey
scale steps to the eye. To illustrate this concept,
allow cach of the kevels of the seasor’s output signal
1o represeant a one degree Celsius difference in the
temperature of a sumple object. A 3-step grey
scale would allow the sensor to produce an cutput
signal represeating a range of 1 to 30 degrees
Celsiug, cach degree represcnting a distinguishably
higher signal level. This X-level signal would be
seit to the display, where only 10 levels can be
dispisyed. By adjusting the sensor’s gain aad icvel
controls and the display's brightness and coalrast
controls, any 1)-degree range could be displaved. If
the detas in the obyect, perhaps represented by the
cnergy levels assaciated with the temperature range
of 5 10 14 degrees, were of interest, then the display
could be set up to show the 5 to 14 degree (energy
level) range. However, any sumilar objects with
tcmperatures (energy kevels) above 14 degrees
would not he discermible, being presented at the
maumum luminaace loved assoctated with the upper
(14 degrees) level. A tank wath engine, dnive
whecls, and cxhaust at temperatures between 20 and
W) Jegrees would lovk Like a white biob; only details
that were i the § ta 14 degree range would be
distinguishable as shadcs of grey oa the display.
Dc2ails represcated by encegy levels of the S-degree
level and below would he hlack.

Automstic conttols withia the sensor are design-
ed to mimmuse the potceteally dangerous effects of
the Jisplay’s limsted dynaric range and the reauhing
Mooming” or whitiag oct of the display. A problem
occury whea the wnsor s looking at the relatively
waria ground helow the horiron and the cold sby
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above the horizon, a large temperature difference.
The pilot needs to see the horizon, but even more
important, the pilot needs to see details of the
ground and objects around him that are much
warmer than the cold sky. The automatic coatrols
work relatively well for large temperature difteren-
ces that are on different scan lines, but still have
difficulty when the large temperature differences
are on the same scan line. This situation can
occur when the aircraft banks and the sensor sees
the cold sky and the warm ground on the same
scan line.

Spot size is the size of the clectron beam
footprint on the phosphor screen, measured at its
50 percent output luminance points. The spot size
dctermines the maximum resolution that can be
expected from the CRT. This concept is similar to
drawing with a small, thin drafting peacil or a big,
thick carpenter’s pencil--finer dectail can be drawn
with the thinner lead. The size of the electron
beam increases as its energy incrcases, and the
larger the beam footprint, the poorer the Emiting
resolution of the display. A general relationship
can be defined for line rate, luminance, resolution,
and spot size. As the line rate increases from 525
to 875, the electron beam must move approximate-
ly 67 percent faster to draw the greater number of
lines. The beam has less dwell time to activate the
phosphor, thus producing a lower luminance image
at 875 than at 525. A higher encrgy electron beam
will increase the luminance, but will result in a
larger spot size and decreased resolution,

The modulation transfzr function (MTF) is
used as a mcasure of a display’s efficieacy in
presenting information at various spatial frequen-
cics, just as the MTF was described as a measure
of the sensor’s cfiiciency. Modulation contrast is
mcasured at several spatial frequencies starting at
about 5 cycles per display width (5 alternating
black and white bass across the display) to a
spatial frequency with a modulation contrast of less
than two percent. The modulation contrast read-
ing at 5 cycles/display width will provide a indica-
tion of the numter of grey scales the display can
preseat. A display must have approximately 93
pcreent modulation contrast at S cycles/display
width to reproduce 10 grey scales.* The modula-
tion comrast reading of less than two percent
shows the maximum horizontal resolution of the
display; that is, the display will not be able to
reproduce information above that spatial frequen-
cy. The display's maximum vertica) resolution is
limitcd by the number of veriic.l scan lines.

An understanding of the display parameters
discussed above is essential to the understanding of
the AH-64 THADSS and panel-mounted bead-down
displays. The AH-64 has a sophisticated viden
system with two thermal imagers (PNVS for pilota-
ge and TADS for targcting), a day television sensor,
two symbology generators, a video tape recorder,
and four video displays (two IHADSS displays and
two pancl-mounted displays). In the IHADSS, the
i-inch CRT and relay opiics, referred to as the
Helmet Display Unit (HDU), as showa in Figure
14, are mounted oa the right side of the aviator’s

- helmet (Figure 3). The HDU, the helmet, and

additional electronics collectively are referred to as
the Integrated Helmet and Display Sighting System
(IHADSS). The THADSS display is designed to
provide 2 one-to-one presentation of the 30 degrees
vertical by 40 degrees horizontal field-of-view
provided by the sensor. The line-of-sight direction
foe the PNVS or TADS sensor is controlied by the
bead position of the aviator, which ig continuously
monitored by infrared detectors mounted in the
helmet. Processing clectronics of the THADSS
convert this information into drive signals for the
PNVS. The result is a visually coupled system in
which the PNVS is slaved to the aviator's head
moticn. In addition to the PNVS or TADS im-
agery, symbology representative of various aircraft
operating parameters, £.g., altitude, heading, torque,
ctc,, can be presented ca the HDU (Figure 15).

Figure 14, The Helmet Display Unit (HDU),
consisting of CRT and relay optics.




Figure 15. Artist depiction of FLIR imagery and
flight symbology.

The thermal image from the PNVS or TADS
can be presented to the pilot on a mimature (1-
inch diameter) cathode ray tube (CRT) in the
HDU, shown in Figure 16, or on a 5-inch panel
mounted display. The image generated on the
helmet mounted 1-inch CRT is viewed through
magnifying rclay optics and a sce-through beam-
splitter (combiner). The magrifving optics in-
creases the 1-inch CRT image to an apparen’ size
equivalent to that of a 21-inch display viewed at a
distance of 28 inches. This results in a 40-degrees
herizontal by 30-degrees vertical image which
corresponds to the FOV of the sensor and provid-
cs a total system magnification of unity. The §-
inch direct view pancl mounicd display appears as
a 7T-degrees horizontal by S-degrees vertical image.
The same information is present on both displays,
but thc panel display appears (0 have a better
image since it is eve limucd (smaller detail than
the cye can sce) and the HDU is display himited
(the cye could sce more af tne display could pres-
ent morc). In addition, the contrast pravided by
the pancl display will be hetter since it is a direct
view image, not a HDU sec-through virtual image.

Figure 16. Minature 1nch duameter cathode-ray-
tube in the THADAS
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The optical beamsplitter (combiner) shown in
Figure 14 is a delicate and critical component of the
HDU. The combiner is made of a 50 percent
neutral density fiiter coated with a dielectric thin-
film stack. The diclectric coating reflects 80 percent
of the light from the P-43 phasphor to the eye while
altenuating 90 percent of light with the same wave-
lengths as the P-43 phospaor that passes through
the acutral density substrate. Smudges, fingerprints,
scratches, and other distracting features on the
combiner may draw the eye’s attention and focus to
the combiner rather than to the image projected
from the combiner. The combiner must be kept
free of distracting marks. The see-through feature
of the combiner is intended to provide a measure of
registration between the display im._. and ihe
outside world. One disadvantage is that bright light
sources, whea viewed through the combiner, degra-
de the imagery contrast.

Inthe THADSS, an clectronically generated grey
scale can be displayed to aid the setup of the user's
brightness and contrast controls (Figure 17). This
setup is valid for the sensor only if the sensor video
output matches the same range as the display’s grey
scalc video cignal. If the sensor video level is lower
than the maximum grey scale level, the resulting
sensor video locks washed out and generally lacks
cont:~st. 1i the sensor video level is higher than the
maximum grey scale level, the resulting sensor video
will have too much contrast and will lack detail in
the shadows.
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Figure 17. Girey scale video signal used in the sctup
of the user's brightness and contrast
controls.

The wene infoemation acquired by the sensor
is presented as brightness levels oa the display. The
minimum and maximum hrighiness levels that can
be presented determine the avmlable contrast and
shades of grey. The IHADSS is capable of present-



ing to the eye highlight brightness levels of 4 to
150 footlamberts. At night, FLIR imagery brighi-

ness is typically 8 to 10 footlambersts. As the CRT
ages, the phosphor becomes less efficient and its
brightness drops. If a higher brightness setting is
used as compensation, it results in increased
electron beam size and lower horizontal resolution.
When the CRT no longer can produce adequate
luminasce to see the flight symbology during
daylight periods, it must be replaced, even though
it may be more than adequate for night flight.

Among the user adjustments on the HDU is
optical focus. This adjustment allows the 3527 to
set the semitransparent sensor image at optical
infinity so no change in accommodation is i cces-
sary when switching attention from distant real
objects to the display’s virtual image. The user is
to look at a distant object and adjust the optical
focus so the sensor image is focused at the same
point as the distant object. One apparcat disad-
vantage of this display focus approach is the
indication that the display eye tends to focus on
the HDU beamsplitter (combiner), rather than at
optical infinity. Recent studies have suggested a
relationship betweean this misacccmmogdaion and
undcrestimations of size and distance.? Io addi-
tion, a 1988 survey of 52 AH-64 aviators identified
problems relating to size and distance perception.
Suay-five percent of the survey respondents indi-
cated objects viewed on the HDU as being per-
cewved smaller and farther awey than they actually
were. During certain phases of flight, soch as
landing approaches, these misperceptions may
affect scriously the aviator’s abrlity to maintain a
proper approach angle or avuid obstades. ®

The above probiem relates to the eye's ac-
commodation, or focusing, point. There is another
pioblem which is associated with the mechanical
focusing of the HDU. This focusing is achicved by
the rotation of a knurled ring located at the rear of
the HDU barrel. The focus can be adiusted over
arange of +3 to -6 diopters. a 1989, a study was
conducted measuring the HDU focus adjustrment
settings of 20 AH-64 aviators. Mcasurements were
taken just prior to takeofl. Nincty percent of the
aviators were found to have focus settings of 0.5
diopters or greater. The range of focus settings
was () to -5.25 dioptces wath a mean of -2.28 diop-
ters. The required positive accommodation by the
aviator's eye to offact these negative focus settings
is likely a source of headaches and visual div:ow\;
fort during and after exteaded periods of Night.
Aviatore can increase their acenmmodation work-
load inadvertently by misadjusting the optical

1n

focus. Then, they force their visual system to
accommodate to a display image taat is abnormally
close; this is in additios to the normal crewstation
and distant real object: acrommodatiou changes.

Additivnal user adjustments of CRT image
orientation, positiss and size 2lso can significantly
impact performarce if misadjusted. The orientation
of the image is coatrolled by the rotatior of the
CRT with respect to the optical axis of the HDU.
If the image rotation is impioperly adjusted, the
piloc may experience & conflict between the symbol-
cgy and his otolith-derived sense of gravity. A head
tilt may develop to compensate for this mismatch
creating a situatioa anai to the leans, a com-
mon vestibular illusion. ~* Misadjustments of
position and size are addressed in Section 9, "Field-
of-view and Visusl Fields."

S TEMPORAL CHARACTERISTICS

Discussions in the previous sections have ad-
dressed parameters which are related primarily to
the spatia characteristics of thermal imaging sys-
tems. However, the temporal characteristics of the
system also can impact gcrformnncc. especially in a
dynamic environment. '° Thernal imaging systems
have time constants associated with the detector, the
scanning mechanism, and the display. The dynamic
eavironment may inttoduce additional temporal
factors, £, scusor gimbal jitier, head motion in
visually coupled systems, ard relative targst-seasor
motion. An individual detector’s time constant
determincs the detector’s speed of response to
temperature (caergy) changes in a scene segment.
In a static environment, where the detector con-
tinuously images the same scoe segment, the
detector time covstant’s coutribution to the tem-
poral characteristics of the sersor is minimal.
Rapid temperature changes are not routine events
in the real world. However, in a dynamic eaviron-
ment of in & scanning imaging systcm, the detector
is continually imaging diffcrent scene segments.

In visually coupled display systems, the interface
hetween the prot’'s head movements and the cor-
responding sensoe movements s an  additional
potential problem source. Any latency between the
movement of the head and the movement of the
sensor must be reduced to an impercepiible level.
The PNVS ygimbal with its 120 degree/second
maximum velocity is responsive and approaches the
desired level of imperceptible latency (see Section
12, "Head/System Interface”). However, the com-
munication of the helmet sight command signals to
the PNVS gimbal generates a percepxible, but




acceplabie latency. The TADS with its 60 degree-
/secoad velocity is appreciably slower and although
acccplable as a pilotage backup and navigation
system, is unacceptable as a primary piotage
systcul.

Rapid head movements in visvally coupled
systems gencrate a rapudly moving scene on the
display. The bead movement rates greatly exceed
the nominal relaiive movement rates that are
observed between 21 aircraft and a moving ground
object. Phosphor persistence is an important
display parameter that affects the temporal respoa-
s¢ of 2 CRT display. Excessive persisteace redu-
ces modulation contrast and causes the reduction
of grey sca'. in a dynamic cavironment where
there is relative motion between the target and the
sensor. '~ Persistence effects may cacse the loss
of one or more grey scale steps. This may be of
minor concern at low spatial frequencies where
there are many grey scale steps. However, where
there is only cnough modulation contrast to pres-
ent ooly one or two grey scale steps under the
static condition, the loss of onc grey scale step at
high spatial frequencies, would be tignificant.

This effect is well demonstrated in the history
of the phosphor selection for the IHADSS. A P-
: phosphor initially was selected o satisfy the high
luminance daytime symboloyy requirement. After
unitial Might tests, the CRT pnosphor was changed
to the shorter persistence P-43 from the more
efficient P-1 because of the image smearing reprat-
ed. The test pilots reported tree branches seemed
to disappear as niots moved their heads in search
of otstacles. It was determined the long persis-
teace of the P-1 phosphor was respoasible for the
pbenomenon.

The electro-optical multiplexer, a Department
of Defense common module, used 1o convert the
mechanically scanned thermal dctector outpuls to
a video vignal alsn introduces a ugnificant delay
time 10 the video image. These multiplexers
eventually are to be replaced with solid state
muliiplcxcrs with improved delay times.

6. HEAD SUPPORTLD WELIGHT AND
CENTER OF GRAYILY

The additioa of display systema to the helmet
has incrcased sgnificantly the amount of weight
which must be supported by ihe head. The head-
supported weight of the THADSS s 4.0 pounds
(1.8 k). This weight includes the helmet (Integrs-
ted Hcimet Unit- THU), HDU, and miniature

CRT.

The effects of increased bead-supported weight
(HSW) oa the aviator can be separated into two
categories: crash kizemaics and missicn effective-
ness. The effect of increased HSW oa crash kinem-
atics is a diret result of the additional mass.
Adding IHADSS (4.0 Ibs) to the average male bead
(weighing 11.7 Ibs) results in a 34 percent increase
in head/neck weight and a cuncomitant increase i
neck loading during a sudden impact. The force
exerted oa the skull base during acceleration can be
approximated by the praduct of the mass of the
heimeted head and its acceleration. Thus, for a
gven acceleration, the larger the mass (ic., bead
plus HSW), the larger the force, and coasequently,
the risk of injury. Glaister receatly recommended
thuthelo(dweigb(ofthcsmircbadgeuidauy
should not exceed 4.4 Ibs. ' To belp reduce the
bazard of increased head/neck mass in an accident
sequence, the HDU bas a “bresk-away” feature, that
allows it to drop off thc IHADSS helmet when
exposed to high aczelerative forces.

Increased HSW can affect mission effectiveness
cither directly (via physical effects) or indirectly (via
fatigue). The physical effect of increased inertia
nlonemnpud!ﬁ(fulbadmmmemtobe
slowed and delayed. '© These inertiai effects are
sccndleveho(HSW(44lbs.) similar to those
added by the THADSS. Ia 1968, rescarch st the
U.S. Army Humas Eagincering Labor atory showed
an HSW in excess of 53 pounds (2.4 kg) slowed
headnotnu.nnﬂn«%cyaded(heperformm
of complex sighting tasks. '* Ia situations where the
prumary puotage imagery input is controlled by head
movement, these hasdicaps may reduce mancuwr-
ing accuracy and increase the risk of an accident.

Not surpasingly, additiooal HSW also causes
fatigue. Phullips and Petrofsky showed, regardicss
of CG location, aeck isometric endurance time aficr
exercise while wearing a belmet weighing 5.0 [he was
signiﬁanﬂ& r=duced, compared to the uo-helmet
condition. * Evea the relatively low level G-forces
cncountered in ratary-wing air combat mancuvering,
combined with a belmet “much oo heavy for thas
type of fiying,* can be extremely faugu{’n;. U not
punful, evea for expericnced test pilots.

The HDU & atiached to the right side of the

. THADSS helmet. Thus latcrally displaccs the center-
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of gravity (CG) of (he hesd/neck/HMD system,
resulting in msymmetric loading of the head and
ncck. The ucaces of this CG shift are similar
to those of increased HSW, affecting both crash



kinematics and mission effectiveness. The offset
HSW CG creates a moment arm producag a
torque on the head and neck musculature. During
an impact sequence, the magnitude of this torque
is a product of the head/HSW mass, the linear
acceleration, and the CG offset distance. Thus, for
a given combination of HSW and acceleration, the
torque, and logically, the risk of injury is directly
proportional to the CG offset.  Obviously, an
increase in either HSW or CG offset will increase
the torque or bending forces in the neck due to
mancuvering flight loads or crash loads. In the
design of future heimet-mounted systems, it is
imperative the CG of the system be as close to the
head/neck CG as possible.

The offset CG also may cause fatigue of the
head/neck musculature. Shifting the head/neck
CG forward 10 cm by wearing NVG: has been
shown to reduce neck isometric enduran e follow-
ing 5 25 minutes of dynamic (lateral) neck
exercise, | However, using a smaller CG shift
{(2.5t0 5.0 cm) udhgbxct HSW (3 ibs), a physiol-
ogically optimal CG posgvon was found to be
cither forward or lateral. "> These conclusions are
in conflict with a more recent study in which
aviators preferred rearward an9 vertical CG shifts
to forward or lateral shifts. ' Ahhough m-
plaints about IHADSS CG asymmctrg
predominate in surveys of AH-64 pilats, 18, W
helmet designers should strive lo maiotain the
head/HSW (;G as close as possible (0 thac of the
head alore. '

L YISUAL ACUITY

Visual acuity is a mcasure of the ability to
resolve fine detail. Soellea visual acuity commonly
is uscd and is cxpressed us a comparison of the
distance at which a givea set of letters ir correctly
read to the distance at which the letters would be
tead by someone with clinically normal cyesight.
A value of 20/80 indicates an individual reads at
20 feet letters that can normally be read at 80 feet.
Normal visual scuity is 20/20. Visual acuity, o
mecasured through imaging systems, is & subjective
measure of the operator’s visual performance using
these sysems.  The scquisition of targets is &
primary performance lask. For this task, a redy-
ced acuity value implics the obscrver would ach-
ieve acquisition st closer distances. Howewver,
providing an acuily value for thermal systems is
difficult :ince the pararacter of target angular
sublense is confounded by the emissioa charse-
teristics of the target. However, for comparison
with other systems, Soellen visual scuity with the
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AH-64 ENVS/THADSS is given as 20/60.%° The
mp(edhxghcootx?ucuuyvalueforswond-md
third-generation system is 20/60 and 20/40,
respectively.

To enbance imagery contrast against high
ambicnt lighting, th> AH-64 aviator is provided with
a ter percent luminous transmittance visor. Anec-
dotal information indicates aviators sometimes use
this “relatively dark” visor even at night to decrease
toe distraction of bright external lights visible to the
unaided eye. An investigation into the effect on
visual acuity of wearing spectacles of different
luminous transmittances has led o & recommenda-
tion that a minimus of 30 perceat transmittance is
required to achieve the 20/60 high contrast acuity
eqmvaicnt for the second-generation I ¢ systems

?oodumofoverastday,mhght,
udfnnmoou. Therefose, the use of the ten
perceat visor at night further reduces the aviator’s

visual acuity through the unaided cye.
S MONOCULAR PRESENTATION

During the development of the THADSS, there
were (wo major conceras with the proposed moaoc-
ular display format: eye dominance and binocular
rivalry. Eye, or "sighting,* dominance refers to a
!cudcocytomeooceyempgf erence to the other
during moeocular viewing, Critical cost and
weight coasiderations favored a monocular display
format for the THADSS, which logically would be
located on the right side of the helnet, since most
of the popuiatioa is right-cye dominant. However,
there were scriong questions whetker a let-eye
dominant pdot could learn to attend to a right-cye
display. In fact, thueucwdcncehnhqngbmg
dominance with handedness and various facets of
cognitive ahlity, including mc{g'ng ability and riflc
marksmanskip performance. One study ad-
dressing head aiming and tracking accuracy with
helmet-mounted dispiay systems indicated eye
domisance to be & statisticaily sngmfmnt factor,
However, this small amount of research is far from
compelling, and the IHADSS is produced to fit the
night-cyed majority. Since the AH-64 has been
ficlded, thers have been no reposts in the litercture
sddressing the influence of eye dominance on
IHADSS targeting sccuracy or AH-64 pilot profici-
ency.

Probably a inore troublcsome phenomenon is
baocular rivalry, which occurs whea the cyes
receive dissimilar input. This ocular conflict ap-
parcatly is tcwged by the brain by suppressing one
of the images. ©°  The THADSS presenis the cyes




with 2 muititude of dissimilar stimuli: color, resolu-
tion, ficld-of-view, motion, and brightness. Aviat-
ors report difficulty making the necessary atteation
switches between the eyes, particularly as a mission
progresses. % For example, the relatively bright
green phosphor in front of the right eye ~an make
it difficult to attead to a darker visual scene in
front of the left eye. Cooversely, if there are
bright city lights in view, it may be difficult to shift
attent:on away to the right cye.” AH-64 puots
report occasional difficulty in adjusting to,_one
dark-adapted eye and onc light-adapted eye. ¥ It
may be hard to read instruments or mape inside
thcwckpuwﬂhlheum:dedcyc,nncetbe?hls
eye "sces” through the instrument panel or floor of
the aircraft, continuously preseniing the puot with
a cocflicting outside view. In addition, attending
to the unaided eye may be difficult if the symbol-
ogyprcsw(cd(olherighleycischmginga
jittering. '7  Some pilots resort to flying for very
short intervals with onc 2‘ye closed, an extremely
fatiguing endcavor. © The published user
surveys generally agree the problcm., of binocular
rivalry tend to case with practice--although under
coaditions of a long, fatiguing mission, particularly
i there are system problems (¢.g., display focus or
flicker, poor FLIR unagcrx ete.), nvalry s a
recurrent pilot stressor. It is Likely sighting
d-minance interacts witk binocular rivairy, affect-
ing a prlot’s ablity to attend to one or the other

tye.

An apparent disadvantage of a monocular
display such as the IHADSS us the complcte loss
of stercopsis (visual apprecation of three dimen-
sions during binocular vision). Stercopis is thou-
ght to be particularty important in tactical helicop-
ter flying, since the terrain is invaniably withia the
200-meter hmi} of effective stereo vision in thus
mode of flight. ¢ However, monocular depth cues
(e.g. retinal sze, motion parallax, interpasition,
and lincar perspective) generally are acknoraicdged
1o be more important for routine flying. A 1989
study of visual acuity and scrcopus with Nighz'
Visson Goggles (a second-generatior inocular |
system) found urrrnpm with this system (o be
greatly reduced. °®  Awaators using monocular
priotage systems can improve thewr noastereo depth
perception with traning, althouph the degraded
scuity inherent in these systems will affect adverse-
ly the perception of even monocular depth cues to
some extent, This is rellected frequently in aviator
surveys. & However, with practice, most AH-
64 aviators are shie to fty competently throughout
the night nap-of the-carth (NOF) environment.
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It is currently in vogue to suggest that the rext
generation of HMDs should deliver imagery to bota
eyes, instead of one, a¢ in the [HADSS. This can
be accomplished in two ways: binocularly (cach eye
is presented with a distinet image, two slightly
separated sensors are used) or biocularly (both eyes
are presented with ideatical images from the same
seasor). The advantages and disadvantages of these
display modes are beyond the scope of this paper.
However, it should be noted AH-64 aviators report
using the unaided eye for a variety of functions,
ircluding reading instruments and maps within the
cockpl,mcheehngrangemduzemformm
derived from the PNVS, and nwmzumy
vision and dark adaptatioa in ooc eye. "
would seem advisabic at least to allow the aviator
the ootica of selecting & moeocular format should
it be Geemed necessary.

2 FIELD-QF-YIEW AND VISUAL FIELDS

The human eyc has an instantancous ficld-of-
view (FOV) which is roughly oval in shape and
typically measures 120 degrees vertically by 150
degrees horizoatally. Coasidering both eyes togeth-
er, the overall FOV covers approximately l%)
degroes vertically by 200 degrees borizoatally.
The size of the FOV provided by an imaging system
is determined by trade-offs amoag various sensor
and display parameters including size, weight, and
resolution.  The IHADSS FOV is rectangular in
shape measuring 30 degrees vertically by 40 degrees
horuzoatally (Figure 18).
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Figure 18. Pictorial repeesentation of IHADSS
X) x 40 degree ficld-of-view.

The 30 x 40 degree IHADSS POV secms small
when compared to that of the unaided eye, but us
size is perhopa nol as significant considening the



multiple visual obstructions (¢.g, armor, support
structures, glareshield) normaily present in military
aircraft cockpits. Although the . IDU does physi-
cally obstruct unaided lateral visibility to the right,
the IHADSS provides an unimpeded external view
throughout the range of PNVS movement (+ /- 90
degrees azimuth and +20 to 45 degrees cleva-
tion). However, the AH-64 pilot is trained to use
continuous scanning head movemeats to compen-
sate for the Limited FOV. A potentially disoneat-
ing effect occurs when the pilot’s head movements
exceed the PNVS range of movement—-the image
suddenly stops, but head movement continues.
’!‘hmcouldbemnterprctedbythcpdaaa
sudden aircraft pitch or yaw in the direction
cpposite the head movement. If there are lights
visible to the unaided eye (or through the com-
biner), dipiopia (doubie vision) may resule.

The IHADSS is designed to present the
sensor’s FOV in such a manner that the image oa
the combiner occupies the <ame area in front of
the cye, resulting in a one-to-one representation of
the outside world (i.c., no magnification or mini-
fication). However, in order to achicve this design

goal, the pilot must place his eye within the exit
pupil of the HDU optics. (The exit pupi! of an
optical system is a small volume in space where
the user must place his eye in order to obtain the
full available field-of-view.) The major deter-
minant of whether this can be attained is the
physical distance between the cye and the com-
bincr. Variations in bead and facial anthropome-
try greatly influcoce the abitity of the aviator to
comlcrtably achieve a full FOV. Some aviators
report discomfort due to prgssure against the
yomatic arch (chcckbooc). and many xcpmt
dilficulty secing all the provided symbology.” The
interposition of chemical protective masks and/or
spectacies (cither for laser protection or correction
of refractive error) increases the eye-combiner
distance, further reducing the likelihood the pilot
;{ill #5e the fuil FLIR image or symbology display.

’ Improper adjustment of the HDU /helmet
attachment bracket also can prevent the aviator
from achicving the design FOV.

The cffects of reduced FOV on aviator perfor-
tnance are oot underdood fully. Tle task of
determining 8 misimum r()V required to fly is not
a simple one. Firat, the mimmal FOV required is
highly task-dependent.  Consider the different
scnsory cues used for high-speed Might acroms a
desert Nloor (narrow FUOV) versus & confised arca
hovering turn (wide FOV).  Sccond, the FOV
required (o maintsin oricntation depends on work-
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load. A small aftitude indicator bar (or cue),
occupying oaly a few degrees of the visual field,
docs not provide much information to the periphe-
rdrenna,whzchmaﬂymedmesmualmformag
umreprdmgmmuonmtheemment.
Acquiring this orientation information from the
ceatral (foveal) visioa requires more concentration,
and renders the pilot susceptible to disorientation,
shculd his attention be diverted to other cockpit
tasks for even a briet period. Third, with helmet-
mounted displays such as the IHADSS, any reduc-
tion in FOV also may deprive the pilot of critical
flight symbology.

To compeasate for the FOV problems cited
above, some AH-64 pilots resort to using the CRT
horizontal and vertical size controls to reduce the
overall size of the image.® This allows the aviator
to view all of the imagery and symbology, but the
sensoc’s 36 x 40 degree FOV now occupics less arca
oa the combiner than it must in order to provide a
one-to-one scene representation. Since this minified
image can causc problems with distance and size
perception, it is strongly discouraged.

10, ENVIRONMENTAL CONSIDERATIONS

Thermal imaging systems, such as the PNVS,
are capable of providing acceptable pilotage imagery
in a vide range of cavironments (gg. desests,
swamps, mounfain arcas, ctc.) and weather condi-
tions (g.g. fog, mow, ctc.). However, their effec-
tiveness is limited by the operating eavircoment and
prevailing weather. The aimosphere absorbs, emits,
and scatiers IR radiation and often is 'Lic major
driver in system performance. The chotce of detec-
tors, with respect to their spectral response, s
governed to a degres by the transmittance of the
simosphere. A plct of the transmittance of the
carth’s atmosphere is depicted in Figure 19. This
figure demonstrates the cffect of three majoe IR
radiation absorbers: water vapor (at 1.7, 3.2, 63,
and 1i.9 microas), ozone (st 4.8 9.6, and 142
microns), and carhon diozide (at 2.7, 4.3, 12,6, and
15.0 microns). The effectivencss of the 3-§ and 8-
12 micron response ranges of the HaCdTe detector
becomes sbwvous,

In addition to absorption of IR radiation by the
astmosphere, there is scattering by the various
stmospheric molecules. The scattering of the IR
radistion fusthcr attenustes the IR signal and
contributes to the IR nuckground nvise. The overall
sttcoumion, & summation of scattering and absorp-
tion, is e‘z'premd by the extinction coefficient,
These coellicients can be used to compare how the
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Figure 19. Spectral transmittance of the carth’s
atmosphere.

stmosphere will transmit IR radiation for various
stmospheric conditions. In Table 1, transmis
stvities for some of these cocditions (calculated by
Lambert-Beer's law) are presented for ranges of 1
and 10 kilometers {km). The conditions in Table
1 mostly ase related to moesture. However, addi-
tional elements such as dust and smokes (obscura-
nts) affect the composition and deasity of the
dgnqsphﬂe and, therefore, the (R radiation trans-

As discussed above, the atmosphernic transmis-
sion as alfecied by the eavironmental conditions
stienuates the IR signal. 1 addition 10 this eftect,
these conditions reduce (he solar beating of obyects
(targets), thereby reducing their thermal signa-
tures,

The role of the sun and cxisting caviroameatal

uhowwmymfa 33:
soil, water, vegetation, and concrete. Jw;ﬁa
midnight, all are emiting more energy than they are
absorbing (due to the absence of the sun). Each
material's temperature 18 different (the vegetation
bas the lowest icmperature and (he water has the
highest) and alf still are siowly decrcasing As
sunrisc (wmsumed to be 0600) approaches ana
occurs, the temperature of cach material begias to
rise, ot a differest rate for cach substance. Dy
approximately 0900, the temperatures of three of
the substances (sod, water, and concrete) ncarly
reach the same value (point A) and the thermal
seasor sy be sasble to discriminate among them.
Pount A is a crossover point for these three mateni-
als. As the day proceeds, the matesals coatinue to
increase u temperature. At point B, the water and
the vegetation reach a crossover point. At these
crossover poiats, the relatre order of the tempera-
ture valucs reverses. Fore example, prior to point B,
the temperatwre of the water is higher than that of
the vegetation. Following potut B, the temperature
of the vegetation is higher thas that of the water.
On the display of the imaging system, where the
differeat temperatures (actuaily energy levels) are
represcated by different ievels of brightness, the
materials undergotng the croasover LoYRrsg contrast.
Where the water may have beca “brighter than” tae
vegetation, it is sow “darker than® the vegetation.

Iabkk L
Atmospheric transmissivitics
Extinction - Transmissivity  Transmissvity
Condition cocflicient at 1 km at 10 km

Very clcar 005 95% 61%
and dry

Hare 011 % %
Light sexorw 051 0% < 1%
Muodersiec ram 0.69 % < 1%
Heavy tan 1.9 29% < 1%
Lght fog 1.9 197% <1%
Heavy Fog 9% < 1'% < 1%
Heavy wnow 2 < 1% < 1%

Note: Extinctioa coeflicients are expressed in k' for the

8-12 mucron spectral regon,
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Figure 20. Representative 24-hour thermal history
for soil, water, vegetation, and concrete.

Over a 24-hour period, crossover for the rep-

_resentative materials and thermal histories shown

occurs twice (points A and D, B and C). Howev-
er, there is no crossover point for the vegetation
with cither the sod or the concrete. In the real
world, the presence and frequency of crossoves
points for any two substances is depeodent om
geographic location, season, weather, and many
other factors. In the 1968 AH-64 aviator survey,
98 pcreent of the respondents reported insfances
where the FLIR image was degraded to lbe exent
that mission compiction was compromised.® Most
often, this is a result of IR crossover.

< OURLES

Unlike systems vsing the principle of image
intcasification, thermal imaging systems are less
sensitive to degrading effects of intcrnal crewsta-
tion and cavironmeatal cnergy sources. >
However, as discussed in the sections above, the
performance of thermal syitems can be degraded
by some sources, most of which occur aaturally,
Performance degradation also can be induced by
man-made sources, including specially designed
countermeacures which targel thermal umagers.
While the cffects of internal and external encrgy
sources are asacisted primandy with the sensor,
the display is where these cffects are percesved by
the aviator,

Physically large areas of very hot of very cold
tcmporatuccs, whch arg much boticr or colder
than the wrca of intcrest and sre in the POV of
the wnor, tond Lo confuse e sutomatic level snd
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gain coatrols. Ia tryicg to cope with the large
tempesature range, these controls may mask the
arca of interest. This may happen naturaily with
the cold sky region above the horizon. It is more
difficu t to introdsce very cold man-made regions,
but it 1s reiatively casy to artificially create large,
wryhotregonsbyhghxmghrgeueaﬁxu A

sensor, when several aircraft bave landed previous-
ly and arc bealing the landing zcne with their ex-
hausts. Much of the detail in the scene may be
masked by the hot exbaust.

In the air, formation flying can be troublesome
to a thermal imager whea the hot exhaust of a
hading aircraft is view=d against a cold sky back-
ground. Thss cffect may be even more troublesome
when there are several large, Bot exhausts agamst a
cold sky background. The forward aircraft detail

may be seriously to mask unex-
pected or rapid changes in attitude or the initiatioa
of a mancuver by & lead aircraft,

A special group of external sources which is &
concern to thermal imaging systems is lasers. Any
laser which operates within the spectral respoase
regios of Uic thermal sersor (8-12 microos) potea-
tially can blind or desiroy an unprotected seasor.
Carbon dioxide (CO,) lasers operating at 10.6
microns (all within thus regos. The acodymium-
YAG laser wsed in the AH-64 laser rangefinder
operales st 1.06 microas and can 00t be seen by the
PNVS scasor. Flares are another externsl scurce
which can degrade sensor performance. Also, flares
can affect the display’s performance as well. The
sce-through characteristics of the display permit the
bright light from the flare ta degrade its contisat to
the eye. These effects are most spparent whea the
flare i in the fickd-of - view of the sensoe. Looking
away [rom the Mlares will reduce the flare's effects.

The display can be Jdegraded by internal and
external viuble light sources, particulacly high
inlensily sources in the crewmember's area of
interest. Evea though the thermal sensor may not
*sce’ the hight source, if the light is ia the crewmen-
ber's line-of-sight, it will degrade.the contrast of the
display imagery.

By virtue of their design, belmet mounted

dsplays me mounted totally, or in part, on the
avistor's helmet. s the THADSS, the system's




display section is belmet mounted. The sensor
section is irtegrated with the helmet in that the
disection of the scasor line-of-sight is controied by
head movement. To casure optimal system perfor-
mance, proper interfacing of the helmet and its
stached display with the aviator's bead is critical.
The criteria for proper interfacing include the
static placement and stability of the cye into the
eot pupil of the HDU ortics and the dynamic
transformation of aviator head movernent to seasor
mover.ent,

. The AH-64 aviator receives his primary seasory
dsta through the HDU to fly the aircraft. To
receive the total imagery available oa the HDU, he
must adjust the bhelmet and HDU to match the
positioa of the exit pupd of the HDU optics to hus
right eve. In additioa, the helmet must remain
stable, maintaining this cxit pupil position ia the
presenee of head movements and aircraft vibration.
With the adveat of the IHADSS beimet, the
aviator has moved from an cra of the “slap-om,
anch-up” helmet 10 one where the helmet is a
fiacly-tune piece of cquipment, requinng special
considcrations and care. Onc of these speaal
considerations is the fitting process.

The basic fitting process involves oumcrous
steps including, but not limited to, adjustments to
the suspension system, proger location and align-
ment of the HDU, and final (nmming of the
helmet visor 10 accommndate the HDU when
the operating position. The ubjectives of the
fitting procedure are to: a) obtaia a comfortable,
stable fit of the IHU (helmet), which will ensbie
the aviator (0 achicve the maximum ficld-of-view
provided by the HDU and b) achueve boresaght,
which pc)y;mls accurate engagement of weapons
sysems, In 1987, Rash ¢t al. evaluated the
S. Army fithng program for the THADSS.
Scveral important lessons were learned duning this
evaluatioa. For the first ime, the impact that
hcad anthropometry has oa helmet it was recon:
mscd Not only sre there problems associated
with one o mose extrerse head dimenuona, but
there are additonal peoddems relsted o head
ashnoemalitics, g8, one ear bower than the other,
tapering forchead, buiges, etc  All of these vanas-
tums increase the detaved stiention required to
frovide the aviator with a comfartable and wable
helmet fit.

Avislor {acial sastomy sho w crucial to nptimal
HDU miteeface. Ul the svistor's eye » ot hocated
s the exit pupil, but i some dutance hehind o, &
“knathole cllcct” 8 experenced The Nield of vew
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provided is decreased, in the manner similar to that
expericaced whea a persom looking through a
knothole begins to move away from the knothole.
The presence of a protruding cheeckbone or deeply
sunken cyes cam prevest the HDU from being
pounouddmcmnghmobunthehﬂlﬁdd-of
vicw. Even a small displaccment can reduce sub-
stantially the available ficld-of-view. 1f, duc to
anthropometric and facial asatomic irregularitics,
the aviator s unable to achicve full ficld-of-view, he
may attempt to positioa the HDU to select what be
coasiders to be the critical portion of the imagery
asd/or symbology for the task at hand. A good
indication of poor or diffscult fit is the extension of
the combiner. A good fit is indicated by a combiner
exteasion distance of & quarter of an inch or less.
As previously discussed (Section 9), aviators also
may resort (o adjusting the size of the CRT image
i order to view all of the provided symbology.

Helmet-mousted imaging systeans, such as the
PNVS/THADSS, me the aviator’s head as a control
device. Head position is employed to produce drive
signals which siave the sensor’s gimballed platform
to aviator bead movements. As described ia Sectica
4, inf-ared detectors mounted oa the belmet con-
tinuously moaitor the brid position of the aviator.
Processing electronics of ihe [HLADSS coavert this
information into drive sigrais for the FNVS gimbal.
Tuis type of comtral system is called a visually
coupled system. It i a cised-loop servo-system
which uacs the aatural visual and reatos skills of the
avislor to remotely coatrol the seasor and/or

weapoa.

One of the most important operating paramet-
ers of viually cnupled systems s the scnsor's
maumum sew rate. The inability of the sensor to
sew at veloctics equal to thase exhibited ia the
aviator's head movements would result in 1) ug-
mificant ervors between where the aviator thinks he
18 looking and where the sensaor s actually looking
and 2) ume lags hetween the head and sensor hines-
of -agit. Medical dudics of head mocments have
shown that noemal adults can ratate thewr heads ¢ /.
) degrees a azimuth (with neck participation) and
-10 1o + 25 degro2t m clevation wathout oeck par-
tpation.  These same studecs showed peak head
wkoty # a function of movwment displacement,

. the greater the dugdacemnent, the greater the
put wmwh an upper limut of 132 degrees per

However, these studies were labora-
mfyhued aad docs aat refleat the velocities and
sccelerstions dicstive of o belmeted head
military fight scesarioa. la suppoet of the ALl 64
PNVS development, Verana et al  inveshigated
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single pilot head movemepls 10 an US. Army
JUH-IM utility beuccpter.”” Ia tlm study, head
position data were collerted during a simulated
mission where foar JUH-IM pilot subjects, ftted
with a prutotype THADSS, wers tasked with
scarching fur a threat wreraft while flying & con-
tour flight course (50 to 150 feet above ground
level). The acquired head position data were used
to construct frequency histograms of azmuth aod
elevation head velocities. Aithough veiocties as
high as 160 and 200 degrees per second im cleva-
don and azimuth, respectively, were measured,
approximatzly 97 percent of toc velocties were
found to feil betweea a range of 0 to 12) degrees
per sccond. This ccaclusion supported the PNVS
design spedification maximum slew rate of 120
degrees per second. It also lends validity to
avistor complaints that the TADS sensor (with a
maximus slew rate of 60 degrees per second) is
too slow to be used for piotage.

13 EXOCENTRIC SENSOR LOCATION

Before eacountering night imaging systems, an
avistor's primary visual senzor had beea his eyes.
His expenicace m the perception and interpretation
of visual input is refereaced to the eyes's position
os the bead. However, whea flying the AH-64, the
primacy visual irput for migit and foul weather
flight is the PNVS scasor. This sensor is kcated
in & nose turret approximately 10 feet forward and
3 feet below the pudot’s design eye position.  This
exocentric positioning of the seasor can istroduce
problems of apparest -?tm parallax, and incor-
rect distance estimation. > However tha maode of
sensor location does provaie the advantage of
unobstructed vissal ficlds. The aviator's field-of -
view i 80 longer afficted by the physical obstruc-
tions of the mrcraft frame. The PNVS sensor
provdes the aviator weh the capablity to kok
through the flone of the sircraft, i definte ad-
vantage whes landing s an unclcared arca, where
the scnsoe can he used over the full field of regard.
Hiever, this ficld of regard s affecied by the
attitude of the awrcraft.

The design Tor the mext geneeation 1S Army
rclk.r.v;ncc calls for the infegratwm of FLIR snd |
wmors Due to the wesght and sure charsctern-
tua of FLIR techaology, the FLIUS pons '
remma esrcemtric.  However, the |
two kcstion options. It may be collocated with
the FLIR seasw on the sone of 1he srcraft, or i
moy be helmet mownted. I buth sensors are
esccentric locsted, only the basic conceena of this
mode of kcation, as luted shome, require com-
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sideration. However, if the I 2 sensor is helmet
mounted, there may be problems associated with
ing of visual reference points.

14, AH-64 ACCIDENT EXPERIENCE

This paper has focuscd om the characteristics
and limitatioas of belmet-mounted thermal night
imaging systems, such as the PNVS/THADSS used
ou the AH-64. Many of the factors discussed have
potential safety implicatioas; therefore, it would be
uscful to review the actual AH-64 accident experiea-
ce, to document any coatributory role of these
advanced seasor /dis; sy systems. Since all Army
accident investigation records are maintained at the
US. Army Safcty Center at Fort Rucker, Alabama,
such a review is possible. Accoidingly, the past five
years of AH-64 accident investigation reports were
reviewed by the authors.
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Figure 21. A umple Seasor-Duplay- Humaa
isteraction model for the AH-64
prkitage system.

During the perod 19851989, there were 17
Clam A, B, or C scadeats involving the AH-64
aircraft (damage conts exceeded $10,000 or injunes
resulting i of least one lost workday). [n these 37
sccidents, therz were 28 “occurrences” whisch were
judged to be in some way related to the sensor /dia
play systems uacd i the AH-64. These occurrences
were mmped usiog & simple seanor display human
teraction model, which was created to depict the
crdical seancey interfaces involved in AH-64 pdotage
(Figwre 21). Compoments of the model include the
twa avistors, the dinpley sysem (IHADSS), the
cockpit, the sensce (PNVS), and the outude ea-
vicoament. The wodel does net sccount for mater-




el factors (g.g. engine or tail rctor problems) or
other accident causes, so this discussion does not
reflect the total AH-64 accident experience.

In the 37 AH-64 accidents reviewed, the THA-
DSS-pilot interface was most frequently imphicated
(Figure 22). The most frequent acadent event
this interface, "undetected aircraft dr.ft” (ated five
tumes), frcqucnuy is T ed avators frang
with night imagiag systems M W 4 Hovening
a helicopter s an cndcavo: dcpcndcnt almost
entirely on visual cues, since the human vestibular
system is uarcliale in detecting the low amplitude
accelcrations charactenstic of bovering  flight.
However, current night visaos sysicms present the
aviator with limited visual information (compared
to daylght conditions). Static visual cues (8.8,
shading, texture gradients, color, interposition, and
contours) are reduced pnmanly by degraded
acusty, dynamic visual cues (¢.g. motioa parallax,
optic ficld flow, and size change) are Lmicd by
degraded acuity as well as reduced FOV. I n
should be pointed owt symbology providing arcraft
positioa and drift information s avalable to the
AH-64 aviator via the HDU. These reduced visual
cucs also affect depth perception and didance
estimation. Two acaodeats occurred i which the
aviator “musjudged arcraft clearance”  These
judgments are impaired by rcduced wisual acuty
(important 1o monacular depth perception) as weil
as by the complete lack of dcrcopus inherent 1n a
monocular display.
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Aviators invaolved in three AN A4 acordents had
problrms uung the duplay svmbobkygy e one
scondent, the tad ratow comisied treen duning
land.ng. The avster ded nct conrectly interpect
head tracker symbobogy indacating the (wsentatnom

X

of the aircraft ceater line, and allowed the aircraft
to descend sideways aloag the flight path. In
another accident, the crew cxpericaced PNVS image
deterioratioca due to poor weather comlitions.
Wiile removing the HDU ia order to transitioa to
conventional bead-down iastrument flight, the
aircraft impacted the ground. The aviator was not
suffacatly comfortable with the symbology to rely
exclusively om the HDU for fligat, although the
displayed information is adequate to initiate a safe
instrument recovery. Heimet-mcunted displays
aliow the aviator {0 view {ight information while
remaining “bead-up, cycs-oul,” but correct inter-
pretation of the displayed svmbology still requires
significant cognitive work and attention, just as in
traditional “head-down® mstrumeat flight. [a the
third acadent, the aircraft drificd rearward into a
trre, while the crew was distracted by “perceived
anomalies in the aircraft’s vicual symbology.*

Akbough the ITHADSS-Plat intertace contained
the greatest number of occurrences (13), the paot-
cockpit eaviroament interface contained the ungle
most {requent factor, "dvison of attention® (ated 9
tumes). Geserally, this mcans the aviators werc
distracted within the cockpet, and coasequently
faed 0 maintsim adequate obstacle clearance.
Closcly related are the “crew coordiastion” factors
{pot-palot isterface), siace proper delegation of
cockpat labor would have prevented many acodents
s which dviioa of sttcatis was ated.  These
treakdowns 1 buman-machine nteraction, while
ot speafically telsed 1o the THADSS, could be
conudered a3 messure of the overall complenty
and workloed wherert i the AH64.  Helmet-
mounted dmplam, multfunctional CRT  pancl
dicplays, and ofther harbagers of the totally “glass
o hpet,” may reduce some aspects of corkpat wawk-
lnad, but create acw problems (¢g. confuung
uwmbokygy, complex swicm messages, sad tume-
consuming pages of computer menus). Crow
conedinatnon w partacularly impoetant 1 & tandcm
wating artangement (1.¢ . the AH 64), unce the twar
crewmembers cannct we cach otbher. Visual mond-
oning of the outude emmunament by of least ome
crowmember w osacntial i ihe ohatacke nich tactx al
el ogtcr cavitommcnt

Albough the sember of Al 64 scoadents wa tha
bescl analyeas w small alresdy € v ended
scordent expenesce paralicls cvacerns expeessed by
aviatons m the publsshed wer survew, cted through-
ot tha papee. Thewe repuwts should provade
directng (o [uture human {actors and safety reses-
reh,

L Mot A



13, SUMMARY

with the ability to operate cffectively at night and
in adverse weather. However, thesc systems do
not provide imagery comparabic (o that achieved
by the unaided eyes during daylight. The quality
of the image prescated to the aviator is impacted
by the operating characteristics of the system's
_optics, detector, and display. In addition, among
the most significant factors influcncing image
quality, and heece aviator performance, are the
encrgy levels of the scene targets and background,
and eavironmental effects om these levels.
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